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Abstract
The typical accreting neutron star, Aquila X-1, was observed with Suzaku seven times in the
decay phase of an outburst in 2007 September-October. Among them, the second to the
fourth observations were performed 10 to 22 days after the outburst peak, when the source
was in the hard state with a luminosity of 2× 1036 erg sec−1. A unified spectral model for
this type of objects approximately reproduced the 0.8–100 keV spectra obtained in these 3
observations. However, the spectra all exhibited an enigmatic hump-like excess around 30
keV, above the hard X-ray continuum which is interpreted as arising via Comptonization. The
excess feature was confirmed to be significant against statistical and systematic uncertainties.
It was successfully represented by a Gaussian centered at ∼ 32 keV, with a width (sigma) of
∼ 6 keV and an equivalent width of ∼ 8.6 keV. Alternatively, the feature can also be explained
by a recombination edge model, that produces a quasi-continuum above an edge energy of
∼ 27 keV with an electron temperature of ∼ 11 keV and an equivalent width of ∼ 6.3 keV.
These results are discussed in the context of atomic features of heavy elements synthesized
via rapid-proton capture process during thermonuclear flashes.
Key words: accretion, accretion disks — stars: neutron — X-rays: binaries
1 Introduction
A Neutron-Star Low-Mass X-ray Binary (NS-LMXB) is a bi-
nary system composed of a Roche-lobe filling low-mass star
(less than a solar mass) and a mass-accreting neutron star.
Because the neutron stars in typical LMXBs are only weakly
magnetized, the accreting matters are considered to fall mainly
onto their equatorial regions, which sometimes expand over the
entire neutron star surface (Sakurai et al. 2012). There, the mat-
ter is compressed, heated, and eventually undergoes thermonu-
clear flashes called Type-I bursts. These flashes are consid-
ered to involve extensive nucleosynthesis, particularly via rapid-
proton-capture process (rp-process) because of the hydrogen-
rich environment (unless the mass donor is a helium star). The
rp-process on accreting neutron stars has been studied theoret-
c© 2014. Astronomical Society of Japan.
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ically (Schatz et al. 2001), but their observational confirmation
is still lacking. We are hence urged to search LMXB spectra for
spectral features of the produced heavy elements, in energies
of > 10 keV where their K-shell energies fall (e.g., Strohmayer
and Brown 2002).
NS-LMXBs have two spectral states, called the soft state and
the hard state, realized when the mass accession rate from the
donor star is higher and lower, respectively (White and Mason
1985, Mitsuda and Tanaka 1986, Lin et al. 2007). In the soft
state, an optically-thick accretion disk is formed down to a
close vicinity of the neutron star surface, and its emission makes
the system bright in soft X-rays (typically below 10–20 keV).
Whereas in the hard state, the accretion disk truncates at a radius
larger than the neutron star surface, and turns into an optically
thin hot flow called a “corona”. (The corona may still be present
in the soft state, with a lower electron temperature and a higher
optical depth.) As this corona strongly Comptonizes blackbody
photons from the heated neutron-star surface, the spectra extend
up to ∼ 100 keV (Sakurai et al. 2012, 2014).
Since the 1980s, NS-LMXB continua have been modeled
in various ways (e.g. Mitsuda et al. 1984, Barret 2001, Lin
et al. 2007, Sakurai et al. 2012, 2014, and Armas et al.
2017). However, our purpose is a study of local spectral fea-
tures, rather than the modeling of continuum. Therefore, for
simplicity, we adopt the modeling developed by Sakurai et al.
(2012, 2014). According to this modeling, the spectra in both
states can be represented by a spectral model consisting of an
optically thick disk emission and a Comptonized blackbody,
with the Comptonization much stronger in the hard state. This
is an extension of the two-component model developed origi-
nally for the soft state (Mitsuda et al. 1984), but it can also be
regarded as a three-component model (e.g., Lin et al. 2007) if
the seed blackbody and the Comptonizing corona are counted
separately. Evidently, the data in the hard state are better suited
to our purpose of searching for heavy-element features, because
the emission in > 10 keV would be too weak (relative to that in
< 10 keV) if a source is in the soft state.
Aquila X-1 (hereafter Aql X-1) is one of the widely stud-
ied NS-LMXBs, characterized by recurrent outbursts. It was
observed by the Suzaku satellite (Mitsuda et al. 2007) from
2007 September 28 to October 30, seven times covering an out-
burst. This source is suitable for the study of nucleosynthesis
processes, because it produces Type-I bursts. Moreover, it is
relatively nearby, and usually undergoes the hard state in the
rise and decay phases of its outbursts which recur with typical
intervals of several months to a few years.
Sakurai et al. (2012) analyzed the spectra of Aql X-1 taken
in these Suzaku observations, and constructed the model which
we adopt. Although the spectral fits with that model were sta-
tistically acceptable, a hump structure around 30 keV was seen
in the residuals of the fit to a luminous hard-state spectrum, as
shown in figure 7 in Sakurai et al. (2012). The feature was noted
by Sakurai et al. (2012), and partially attributed to the reflec-
tion signal, but not considered in further details. In the present
paper, we study this hump structure, through more detailed re-
analysis of the same Suzaku data sets as used by Sakurai et al
(2012, 2014). We attempt to interpret the feature in the context
of thermonuclear synthesis on the neutron-star surface.
2 Observation and data reduction
As mentioned in section 1, Aql X-1 was observed with Suzaku
during the decay phase of the outburst in September–October
2007, in seven separate pointing which are called Obs. 1, Obs.
2, ... and Obs. 7 after Sakurai et al. (2012). Out of these data
sets, the present paper utilizes the data of ObsID = 402053020
(Obs. 2), 402053030 (Obs. 3), and 402053040 (Obs. 4), ac-
quired on 2007 October 3, October 9, and October 15, respec-
tively. These epochs correspond to 10, 16, and 22 days, after
the outburst peak which was reached on September 23. Among
them, Obs. 3 was employed in figure 7 of Sakurai et al. (2012).
On these occasions, Aql X-1 was in a relatively luminous hard
state, with a 0.8–100 keV luminosity of ∼ 2× 1036 erg sec−1.
To these data sets, we applied the same data screening criteria
as used in Sakurai et al. (2012).
In theses observations, the X-ray Imaging Spectrometer
(XIS; Koyama et al. 2007) onboard Suzaku was operated with
the 1/4 window mode. The data were processed with HEASoft
(version 6.18) and the caldb released on 2015 September 14. We
accumulated the on-source events within a circle of 2′ radius,
and the background events were extracted from a rectangle re-
gion next to the source region. Pileup effects were calculated by
the Suzaku pileup tools (Yamada et al. 2012). Since the high en-
ergy band near 10 keV is important in our analysis, we need to
reduce the pileup effects to less than 1%. Therefore, the image
center was excluded following the procedure of this tool, even
though Sakurai et al. (2012) did not conduct the pileup elimina-
tion. In Obs. 2, 3, and 4, the image center was excluded with
a radius of ∼20, ∼27, and ∼18 pixels in the detector coordi-
nates, respectively. As reported in Sakurai et al. (2012, 2014),
no X-ray burst was detected in any of these observations, and
the time variation was less than 10%. Therefore, time-averaged
data were utilized for our spectral analysis. To avoid the instru-
mental Si K-edge and Au M-edge, where calibration uncertain-
ties are large, the 1.7–2.4 keV energy range was excluded.
Like in Sakurai et al. (2012), the data from the Hard X-
ray Detector (HXD; Takahashi et al. 2007) were screened
with the pipeline tools of aepipeline and hxdpin(gso)xbpi
in FTOOLS. The Non-X-ray Background (NXB) spectra were
created from a fake event file provided by the HXD team.
The Cosmic X-ray Background (CXB) spectrum was simulated
by the hxdpinxbpi tool using the CXB parameters of Boldt
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(1987). Then, the NXB and CXB were both subtracted from
the on-source spectra. In the three observations, the HXD-PIN
and HXD-GSO signals were thus detected over 15–50 keV and
50–100 keV, respectively.
3 Spectral analysis
In this section, we try to fit the individual spectra from Obs.
2, 3, and 4, with a canonical LMXB emission model and its
variants, to confirm the presence of the hump-like excess. Then,
in order to quantify it, the three spectra are summed together
to maximize the statistics. The analysis employs the XSPEC
(version 12.9.1) tool, in which all the spectral models used in
the present study are predefined.
3.1 Individual Spectra
From each of the three observations, we produced the XIS and
HXD (PIN+GSO) spectra, and fitted them simultaneously, with
the two-component spectral model of NS-LMXBs constructed
by Sakurai et al. (2012, 2014). We introduced a factor of 1.158
on the HXD-PIN and HXD-GSO spectra to take into account
their cross-calibration relative to the XIS (Kokubun et al. 2007).
As already described briefly in section 1, the model consists
of a multi-color blackbody emission from an optically-thick
disk, represented by diskbb, and a single-zone Comptonized
blackbody emission model, represented by compPS (Poutanen
and Svensson 1996). Seed photons of the compPS model are
assumed to be the blackbody radiation from the neutron star
surface. A reflection component in compPS was taken into ac-
count after Sakurai et al. (2012). We chose the compPS geom-
etry parameter of 4, which means that the corona distributes
spherically, and fixed the binary inclination to 45◦. Also we as-
sumed that the coronal electrons follow a Maxwellian distribu-
tion. Like in the previous studies (Lin et al. 2007; Sakurai et al.
2012, 2014), an Fe Kα emission line is observed in the present
Aql X-1 spectra. A Gaussian component was therefore incor-
porated by fixing its energy and width to 6.4 keV and 0.1 keV,
respectively. The interstellar absorption was modeled by tbabs
with the Solar abundance (Wilms et al. 2000), of which the ab-
sorption column density was fixed to the same value as Sakurai
(2012, 2014), NH = 0.36× 1022 cm−2. Here and hereafter,
our fits incorporate a systematic error of 1% for the XIS and
HXD-PIN spectra. We thus fitted the individual spectra with the
tbabs*{diskbb + compPS(bbody) + Gaussian(FeK)}model,
which hereafter we refer to as “the canonical model”.
Panels (a)–(c) of figure 1 shows the unfolded spectra and
model from the three observations, all fitted with the above
model. The reduced chi-squared values, given in table 1, im-
plies that the fits are acceptable with null-hypothesis proba-
bilities of > 5%. In addition, three spectra were found to
have consistent (within errors) spectral shape parameters, in-
cluding the innermost disk temperature of kTin ∼ 0.24 keV,
the blackbody seed photons temperature of kTbb ∼ 0.48 keV,
the Comptonizing electron temperature of kTe ∼ 55 keV, the
compPS optical depth of τ ∼1.1, and the compPS reflection solid
angle of ∼ 2pi.
Although the canonical model was thus generally success-
ful, the fit results all exhibit an excess feature at 30 keV, which
is most prominent in Obs. 3; this is the issue to be studied in
the present paper. To examine whether the feature is statisti-
cally significant, and if so, whether it is consistent among the
three observations, we temporarily added a Gaussian compo-
nent around 30 keV to the canonical continuum. In the fits to the
Obs. 2 and Obs. 4 spectra, the Gaussian width, σ, was not well
constrained; so it was fixed to 4.5 keV which was obtained from
Obs.3. The obtained fits are presented in panels (a’)–(c’) of fig-
ure 1, and the best-fit parameters of the Gaussian component
are listed in table 1. The derived lower limits on the equivalent
widths (EW) are all positive (at 90% confidence level), imply-
ing that the excess is significant. Furthermore, within errors,
the EW is mutually consistent among the three spectra, and so
is the Gaussian centroid energy Ec. The continuum parameters
did not change significantly when adding the Gaussian compo-
nent. Thus, all the three spectra significantly and consistently
exhibit the hump-like excess around 30 keV above the compPS
continuum.
3.2 Analysis of the merged spectrum with different
continuum models
Now that the three spectra were confirmed in subsection 3.1 to
exhibit a consistent continuum shape and a consistent 30 keV
hump, they were summed up together with addascaspec in
HEASoft to improve the statistics. To the GSO data points, we
added (in quadrature) a large systematic error, that is, 1σ sys-
tematic uncertainty of NXB, which is comparable to ∼ 20% of
the signal. For reference, this systematic error of the GSO data
were negligible when analyzing the individual spectra, due to a
larger statistical errors.
3.2.1 Fit with the canonical continuum model
To the merged spectrum, we applied the same canonical model
as in subsection 3.1. Then, as shown in figure 2a, the spectrum
was roughly represented over the 0.8–100 keV range by this
model, and the obtained parameters were all consistent with
those obtained from the individual spectra in subsection 3.1.
However, the positive residual is again seen around 30 keV,
even though the fit considered the reflection effect. Because
of the improved statistics, the fit has worsened to χ2ν (ν) =1.23
(219), implying a null-hypothesis probability of 1.23% which is
regarded as not yet satisfactory. To confirm that the fit failure is
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Table 1. Gaussian parameters obtained from the individual spectra. The symbols are defined in text.
Obs. ID Ec σ EW χ2ν(ν)
(keV) (keV) (keV) w/o Gaussian w Gaussian
Obs. 2 31+4−3 4.5 (fixed) 7.3
+3.2
−3.2 1.13 (219) 1.08 (217)
Obs. 3 33+3−2 4.5
+4.1
−2.1 8.8
+6.4
−3.5 1.00 (219) 0.88 (216)
Obs. 4 31± 5 4.5 (fixed) 3.7+2.6−2.5 1.22 (219) 1.21 (217)
due to the 30 keV excess, the same fit was repeated by ignoring
the data in the 23–40 keV energy range. The fit quality was then
significantly improved to χ2ν (ν) =1.04 (205). This result shows
that the canonical model is rejected due to the 30 keV hump.
For reference, the feature remained similarly significant,
even when we employed other continuum models with re-
flection effects, including relxill (Magdziarz and Zdziarski
1995) or pexriv (Garcı´a et al. 2014). This is understandable,
because these reflection models are all based on Compton scat-
tering and photoelectric absorption in thick neutral matter, and
would not differ significantly in local spectral shapes (except
possibly the iron-K edge).
3.2.2 Fit with a modified canonical model
The canonical model has several variants, including the one
adopted by Lin et al. (2007); it assumes that a fraction of black-
body photons from the neutron-star surface are Comptonized,
whereas the rest reach us directly without Comptonized. We
hence constructed the model as tbabs*{diskbb + bbodyrad
+ compPS(BB) + Gaussian(FeK) }, where bbodyrad repre-
sents the directly-visible blackbody component with its normal-
ization left free and its temperature tied to the seed-photon tem-
perature of compPS. However, when this model was applied to
the merged spectrum, the normalization of bbodyrad became
consistent with zero within errors, and the other parameters
were essentially the same as those obtained in subsubsection
3.2.1, including the blackbody temperature of 0.48± 0.01 keV.
The radius (assuming a spherical emission region) was con-
strained as < 2.3 km (90% limit). Therefore, this model has
essentially reduced to the canonical model. Naturally, the fit
quality did not improve, with χ2(ν) = 1.23 (218).
3.2.3 Double Comptonization models
One of possible explanations of the 30 keV hump is to regard
it as an artifact that arises because the continuum models con-
sidered so far are too simple. In particular, the Comptonizing
corona can have more than one electron temperatures, so that
the different cutoff energies and optical depths will produce
somewhat different continuum shapes. We are hence motivated
to test “double Comptonization” modelings, in the following
two configurations.
One idea is to assume that the blackbody emission from the
neutron star surface is Comptonized by a corona surrounding
the neutron star, whereas the emission from the disk is par-
tially Comptonized by a different corona (possibly localized on
the disk surface). Actually, this modeling was employed by
Sugizaki et al. (2013) and Sakurai (2015) to avoid deficits in
the seed photons, and by Ono et al. (2016) to reproduce the 25–
70 keV part of the spectrum of GS 1826−238. To examine this
form of disk Comptonizaton, we replaced the diskbb compo-
nent of the model in section 3.2.1 with a dkbbfth model (Done
and Kubota 2006), in which the disk is assumed to be covered
by a Compton corona from the innermost radius rin up to a lager
radius rtran. The model has five parameters; kTin, rtran, kTe,
the photon index of the Comptonized component which is re-
lated to τ , and the normalization which is translated into rin.
The merged spectrum fitted by this double Comptonization
model is shown in figure 2c. The fit improved to χ2ν (ν) =1.11
(216), which is acceptable with a null-hypothesis probability of
13.6%. This fit improvement has been caused by the follow-
ing reason. The disk emission became stronger in the 2–8 keV
range due to the newly invoked Comptonization, and the tem-
perature of compPS increased. As a result, the slight negative
residuals previously seen at 8–25 keV diminished. However,
through equation (A.1) in Kubota and Makishima (2004), the
fit gives rin <∼ 10 km, because a larger value would over-predict
the emission below a few keV. This disagrees with the fact that
the disk in the hard state is truncated at a radius of several tens
km (Ono et al. 2017, Sakurai et al. 2012, Sakurai et al. 2014).
Thus, the model is acceptable in a statistical sense, but physi-
cally unacceptable.
The other modeling is simply to assume that the disk is not
Comptonized, whereas the blackbody from the neutron star is
Comptonized by two different coronae with different temper-
atures. We employed two CompPS components to represent
this form of double-Comptonization, and constructed a model
as tbabs*{diskbb + compPS(bbody) + compPS(bbody) +
Gaussian(FeK)}. The two CompPS components were con-
strained to have the same seed-photon temperature, but allowed
to take separate and free kTe and τ . As presented in figure
2d, this model gave χ2ν(ν) = 1.12 (216) when applied to the
overall 0.8–100.0 keV energy range. To examine the fit good-
ness around 30 keV, we again fitted the spectrum only using the
energy range of 8.0–100.0 keV, fixing kTin and the reflection-
component intensity to the values obtained from the 0.8–100
keV fit. As a result, the fit has become statistically unaccept-
Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 5
0.01
0.1
5×10−3
0.02
0.05
0.2
k e
V2
 ( P
h o
t o n
s  c
m−
2  s
− 1
 k e
V−
1 )
Aql X−1 (402053020)
1 10 100
−5
0
5
( d a
t a −
m o
d e
l ) /
e r r
o r
Energy (keV)
0.01
0.1
5×10−3
0.02
0.05
0.2
k e
V2
 ( P
h o
t o n
s  c
m−
2  s
− 1
 k e
V−
1 )
Aql X−1 (402053030)
1 10 100
−5
0
5
( d a
t a −
m o
d e
l ) /
e r r
o r
Energy (keV)
0.01
0.1
5×10−3
0.02
0.05
0.2
k e
V2
 ( P
h o
t o n
s  c
m−
2  s
− 1
 k e
V−
1 )
Aql X−1 (402053030)
1 10 100
−5
0
5
( d a
t a −
m o
d e
l ) /
e r r
o r
Energy (keV)
0.01
0.1
5×10−3
0.02
0.05
0.2
k e
V2
 ( P
h o
t o n
s  c
m−
2  s
− 1
 k e
V−
1 )
Aql X−1 (402053040)
1 10 100
−5
0
5
( d a
t a −
m o
d e
l ) /
e r r
o r
Energy (keV)
0.01
0.1
5×10−3
0.02
0.05
0.2
k e
V2
 ( P
h o
t o n
s  c
m−
2  s
− 1
 k e
V−
1 )
Aql X−1 (402053040)
1 10 100
−5
0
5
( d a
t a −
m o
d e
l ) /
e r r
o r
Energy (keV)
(a) Obs. 2
(b) Obs. 3 (b’) Obs. 3
(c) Obs. 4 (c’) Obs. 4
ke
V
2  (
Ph
ot
on
s c
m
-2
 s-
1  k
eV
-1
)
χ
Energy (keV)
ke
V
2  (
Ph
ot
on
s c
m
-2
 s-
1  k
eV
-1
)
χ
ke
V
2  (
Ph
ot
on
s c
m
-2
 s-
1  k
eV
-1
)
χ
ke
V
2  (
Ph
ot
on
s c
m
-2
 s-
1  k
eV
-1
)
χ
ke
V
2  (
Ph
ot
on
s c
m
-2
 s-
1  k
eV
-1
)
χ
0.01
0.1
5×10−3
0.02
0.05
0.2
k e
V2
 ( P
h o
t o n
s  c
m−
2  s
− 1
 k e
V−
1 )
Aql X−1 (402053020)
1 10 100
−5
0
5
( d a
t a −
m o
d e
l ) /
e r r
o r
Energy (keV)
(a’) Obs. 2
ke
V
2  (
Ph
ot
on
s c
m
-2
 s-
1  k
eV
-1
)
χ
Energy (keV)
Energy (keV) Energy (keV)
Energy (keV) Energy (keV)
Fig. 1. Model fits to the individual Suzaku (XIS+HXD) spectra of Aql X-1. Panels (a), (b), and (c) are spectra of Obs. 2, 3, and 4, respectively, fitted by the
canonical model. Panels (a’), (b’), and (c’) are the same spectra, but a Gaussian component was added at ∼ 30 keV.
able with χ2ν(ν) = 1.56 (44) with a null-hypothesis probability
of∼1.1%. Thus, the 30 keV structure cannot be explained away
by the 2nd double-Comptonization modeling, either; the favor-
able χ2ν in the 0.8–100 keV fit is mainly due to “dilution” by the
large number of degree of freedom in the 0.8–8 keV range. We
do not consider this case hereafter.
3.2.4 Partial covering model
Another possible modification of the continuum model to ex-
plain the 30 keV hump is to assume partial covering configura-
tion (e.g., Iaria et al. 2013). It represents a condition wherein
emission from a source is partially covered by a thick absorber,
parametrized by its hydrogen column density N ′H and a cover-
ing fraction. Since the spectrum in this case is thus the sum of
a directly observed emission (without the extra absorption) and
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the absorbed one, it can take more complex shapes, depending
on N ′H and the covering fraction.
Along the above consideration, we multiplied the pcfabs
factor to the canonical model, to construct yet another modi-
fied model as tbabs*pcfabs*{diskbb + compPS(bbody) +
Gaussian(FeK)}. The fit result by this model is shown in fig-
ure 2e. Thus, the spectrum around 30 keV was considerably
better reproduced, with the fit goodness of χ2ν(ν) = 1.07 (217).
However, the 30 keV excess is still visible. Furthermore, the
best-fit N ′H became very high as 1.6 × 1025 cm−2, and the
corona covered a significant fraction (∼ 0.3) of the disk. If such
a dense absorber, that has a Compton optical depth > 1 and a
significant covering fraction, were located between the observer
and the continuum source, X-rays from the source would be
scattered into 4pi directions, and hence a very high luminosity
would be required. Therefore, the partial covering modeling is
also unphysical; we do not discuss it any further, either.
3.3 Modeling of the 30 keV feature
Since the 30 keV hump was not accounted for by trimming the
continuum model, we regard it as real, as long as we consider
only the statistical data uncertainties (systematic effects to be
evaluated later). Then, the next step would be to add, on top
of the canonical continuum model, a spectral component that
describes the local feature.
3.3.1 Gaussian model
The simplest form to express the local excess feature will be a
Gaussian. Although it is primarily empirical, a Gaussian can
have some physical meaning as well, because it can represent
an atomic emission line possibly arising from some heavy ele-
ments that may have been produced in Type-I bursts. Therefore,
we fitted the data with the tbabs*{diskbb + compPS(bbody)
+ Gaussian(FeK) + Gaussian} model.
The obtained fit results are shown in figure 2f, and the
best-fit parameters are given in table 2. Thus, the model has
successfully reproduced the spectrum with the fit goodness of
χ2ν(ν) = 1.05 (216), which improves over the canonical-model
fit by ∆χ2 = 42.9 (∆ν = −3). The associated F -value of
13.6 indicates that the probability for this improvement to oc-
cur by chance is 3.4× 10−8. The Gaussian is indeed centered
at Ec ∼ 32 keV, and is inferred to be moderately extended by
σ/Ec ∼ 0.2. The Gaussian normalization is securely positive,
and translates to an EW of the feature as 8.6+7.2−3.2 keV. These pa-
rameter values are consistent with those obtained from the in-
dividual spectra (table 2). The continuum parameters did not
change significantly even when adding the Gaussian compo-
nent.
3.3.2 Absorption edge and recombination edge emission
models
If the 30 keV structure is related to some heavy elements, we
may also consider a possibility that it is due to their K-edge ab-
sorption. Therefore, we multiplied an edge factor to the canon-
ical model, to construct a model as tbabs*edge*{diskbb +
copmPS(bbody) + Gaussian (FeK)}. The K-edge energy was
varied over the range of 25-50 keV. However, the fit has re-
mained relatively poor, χ2ν(ν) = 1.24 (217), and the shape of
the residuals did not change.
Another possible spectral feature related to the heavy el-
ements is a recombination edge structure, namely, a quasi-
continuum emission above a K-edge energy. It is produced
when a plasma is strongly photo-ionized by high-energy pho-
tons, so that heavy ions achieve an ionization temperature which
is much higher than the kinetic plasma temperature, and free
electrons in the plasma recombine with the ions through free-
bound transitions. The produced quasi continuum is repre-
sented by an additive model called redge, which in turn is
parametrized by the K-edge energyEe, the electron temperature
kT ′e describing the high-energy extension of the feature, and
normalization. We fitted the spectrum with the tbabs*{diskbb
+ compPS(bbody) + Gaussian(FeK) + redge}model, and ob-
tained the results shown in figure 2g and table 2. The spec-
trum was successfully explained by this model, with χ2ν(ν) =
1.02 (216) which is even better (by ∆χ2=−5.4) than that of the
Gaussian model. The fit yieldedEe∼27 keV and kT ′e∼11 keV,
respectively. Since the latter is considerably lower than the tem-
perature (∼ kTe in table 2) of the illuminating hard X-rays, the
recombination-edge interpretation is self-consistent. Other pa-
rameters are listed in table 2. Again, the continuum parameters
did not change by including the redge component.
4 Discussion
We analyzed three Suzaku spectra of Aql X-1 acquired during
the decay phase of the outburst in 2007 September–October, and
confirm that they show a statistically significant hump structure
at ∼ 30 keV. It was successfully represented by a Gaussian cen-
tered at Ec = 32+2−3 keV, with σ = 4–10 keV and an EW of
8.6+7.2−3.2 keV. Alternatively, the feature can also be explained by
the redge model, withEe=27±1 keV, kTe = 6–21 keV, and an
EW of 6.3+3.3−2.2 keV. Now we discuss the implications of these
results.
4.1 Evaluation of systematic errors
Before discussing the origin of the 30 keV hump, we need to
evaluate systematic uncertainties of our analysis, to confirm that
the hump structure is not an artifact. Here, the detector response
and the background modeling of HXD-PIN are major sources of
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Table 2. Parameters of the Gaussian and redge components.∗
Component Parameter Gaussian model redge model
diskbb kTin (keV) 0.23± 0.02 0.23± 0.02
rin (km) † 33± 7 33± 7
CompPS kTe (keV) 49± 4 49± 4
kTbb (keV) 0.46± 0.02 0.46+0.02−0.01
τ 1.2± 0.1 1.2± 0.1
reflection (2pi) 0.93+0.22−0.23 1.0± 0.2
Rbb (km)† 12± 1 12± 1
Gaussian Ec (keV) 32+2−3 -
σ (keV) 6+4−2 -
norm (10−4) 4.8+4.0−1.8 -
redge Ee (keV) - 27± 1
kT ′e (keV) - 11
+10
−5
norm (10−4) - 5.0+2.6−1.7
Gaussian (FeK) norm (10−5) 2.5± 1.8 2.3± 1.8
Fit goodness χ2ν (ν) 1.05 (216) 1.02 (216)
∗ Errors represent 90% confidence limits. Symbols are defined in text.
† Calculated assuming a source distance of 5.2 kpc and an inclination angle of 45◦.
the uncertainties.
In order to examine whether the employed HXD-PIN re-
sponse is accurate enough, the data of the Crab Nebula obtained
on a similar epoch, namely, 2008 8 27 (Obs. ID = 103007010)
for net 33 ks, were analyzed using the same response. The 15–
50 keV Crab spectrum taken with HXD-PIN was successfully
(χ2/ν = 90.1/90) represented by a single power-law of photon
index 2.12 ± 0.01, and the model-to-data ratio in 20–40 keV
remained within ±3.5% of unity. This is much smaller than
the 30 keV hump structure, which amounts to ∼ 40% of the
20–40 keV continuum even employing the modified continuum
models (figure 2b to figure 2d). Therefore, the observed 30 keV
hump structure cannot be an artifact arising from uncertainties
or inaccuracies of the instrumental response.
The NXB component of HXD-PIN is almost featureless, ex-
cept for the weak Gd-K line at 43 keV arising from fluorescence
in the HXD-GSO scintillators underneath HXD-PIN (Kokubun
et al. 2007); any local features in the 20–40 keV energy band
are known to be less than 20% of the average value. Since
the NXB intensity is about 67% of the signal from Aql X-1
in the 20–40 keV band, possible < 20% local features in the
NXB component would correspond to those of < 13% in the
Aql X-1 spectrum. This is far insufficient to explain the ob-
served 30 keV feature as described above. The NXB model
for HXD-PIN itself is known to contain 3% systematic uncer-
tainty (Fukazawa et al. 2009), but this cannot explain the∼40%
excess, either. To visualized these conditions, we compare in
figure 3 the signal spectra with 3σ (i.e., a chance probability of
∼ 10−3) NXB uncertainties. From these evaluations, we con-
clude that the 30 keV hump structure is significant even consid-
ering both the statistical and systematic errors involved in the
data.
Incidentally, the GSO signal in figure 3 is comparable to the
3σ NXB uncertainty. However, the detection is significant at
90% (1.28σ) confidence level which is a standard criterion. We
have hence retained the GSO data, incorporating the 1σ NXB
uncertainty (section 3.1).
4.2 Is the structure universal?
To further confirm that the feature is not due to Suzaku-specific
artifacts other than the two considered above, we searched the
literature for similar phenomena. Then, a 3–120 keV spectrum
of Aql X-1, acquired with the PCA+HEXTE onboard RXTE
in the hard state during a small outburst in 2004 February (Lin
et al. 2007), was found to exhibits a similar excess structure
localized at 30–34 keV (their figure 5). Actually, this effect
apparently motivated these authors to fit the hard X-ray part
of their spectrum with a broken power-law with a break at
∼ 30 keV. Furthermore, a similar local excess feature at 30–
40 keV, though much weaker and less significant, could be
present in a joint INTEGRAL+BeppoSAX spectrum of the NS-
LMXB, 4U 1812-12 (Tarana et al. 2006). On the other hand,
such a spectral structure is apparently absent in many other pub-
lished spectra of LMXBs in the hard state, including those from
Aql X-1 itself (Rodriguez et al. 2006) and other LMXBs such as
4U 1705−44 (Lin et al. 2010) and 4U 1608−52 (Armas Padilla
et al. 2017). We hence arrive at two important suggestions. One
is that the feature is neither a Suzaku artifact, nor specific to
Aql X-1. The other is that it is likely to be visible only un-
der some limited conditions of NS-LMXBs. These inferences
are qualitatively consistent with our standpoint of regarding the
phenomenon as atomic features of some heavy elements, be-
cause they would be produced occasionally in Type I bursts near
the neutron-star surface, and would become invisible on a cer-
tain timescale as they are buried beneath the fresh metal-poor
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accreting materials.
Under which conditions, then, is the feature detectable?
Leaving the study of other sources to a separate publication,
let us focus here on Suzaku data of Aql X-1, and look at the
remaining four data sets from the 2007 outburst. From Obs. 1,
however, no useful constraint is available, because the object
was then in the soft state, and hence the intensity at ∼ 30 keV
was an order of magnitude lower than in the three observations
analyzed here (figure 2 of Sakurai et al 2014). The same is the
case with Obs. 5, when the source was in the hard state but was
about an order of magnitude dimmer than in the three. Finally,
the signal was undetectable with the HXD in Obs. 6 and Obs.
7 when the source was faintest. Thus, no useful information
is available from these 4 additional data sets covering the 2007
outburst.
Aquila X-1 was in fact observed with Suzaku again, in a ris-
ing phase of another outburst which took place in 2011 October.
As already published by Ono et al. (2017), the observation last-
ing for one day caught the source at first in a luminous hard
state, and then witnessed a remarkable hard-to-soft state tran-
sition. However, the spectrum “P0” of Ono et al. (2017), a
hard-state data set obtained from a pre-transition period, does
not show such a hump feature at ∼ 30 keV. To further exam-
ine this inference, we accumulated the data over a longer time
(32.8 ks net exposure) before the transition, and obtained the
spectrum shown in figure 4. The merged 2007 spectrum is
also shown there for reference. Thus, the spectrum in 2011
is ∼ 5 times brighter than in 2007, with a considerably harder
Comptonization slope (e.g. in 3–20 keV), and shows no par-
ticular structure at ∼ 30 keV in agreement with Ono et al.
(2017). To fit the spectrum we employed a double-seed contin-
uum model as tbabs*{nthcomp(diskbb) + nthcomp(bbody)
+ Gaussian(1keV) + Gaussian(FeK) + Gaussian(32keV)}
model, after Sakurai (2015), who found that the canonical
single-zone Comptonization model suffers from a shortage in
the seed photon flux. Because the harder continuum suggests a
relatively high values of τ , we replaced compPS, which is valid
for τ < 3, with another model, nthcomp (Zdziarski et al. 1996),
which can be used for τ > 2. Over the overlapping range of
τ = 2 to 3, the two codes are known to give consistent results
(Sakurai 2015). Figure 5a shows the fit with this model, with a
goodness of χ2ν(ν)=1.24 (240). The nthcomp parameters were
obtained as kTe = 20± 1 keV, kTbb = 0.56± 0.03 keV (seed
photons), and τ = 3.67± 0.02 indicated in figure 4 by a harder
continuum shape, as calculated from the photon index describ-
ing the model. Thus, the choice of nthcomp is self consistent
because the model works only for τ > 3. By further adding
a Gaussian, with Ec = 32 keV and σ = 5.9 keV both fixed to
the value in table 2, its EW was constrained as 1.22+0.80−0.78 keV
(90% confidence). Although the zero EW is still excluded, the
upper limit of 2.02 keV is lower than the lower bound in the
2007 data, 4.9 keV. Therefore, the hump feature is significantly
weaker (in EW) than in the merged spectrum from the 2007
outburst. Figure 5b shows the fit when the Gaussian is forced
to take the allowed maximum EW, and the other parameters are
all re-adjusted.
How can we explain the above difference between the 2007
and 2011 data? The simplest possibility would be that the
source was burst active in 2007, and inactive in 2011. However,
this is rather opposite; the seven observations in 2007 caught
no Type I bursts (Sakurai et al. 2014), whereas the 2011 point-
ing recorded at least nine Type I bursts in a net exposure of
about 30 ks. An alternative explanation may be as follows. In
the merged 2007 spectrum, the Comptonizing corona was rel-
atively thin with τ ∼ 1 (table 2), but in 2011 when the object
was more luminous, the corona was rather optically thick with
τ = 3.67± 0.02 as found with figure 5. Then in 2011, any
local spectral feature that arises from a vicinity of the neutron-
star surface would have become undetectable due to smearing
through the repeated Compton scattering, This interpretation, if
correct, supports the view that the feature is actually produced
at or near the neutron-star surface.
4.3 Interpretations of the 30 keV structure as an
atomic feature
4.3.1 General consideration
From the analysis in subsection 3.2, the 30 keV bump may be
interpreted as a K-shell feature of some heavy ions. To identify
the appropriate elements, let us recall the Moseley’s law (e.g.,
Hohenemser and Asher 1968), which approximates the K-edge
energy of ions of atomic number Z as
EK ≈ (1 + g)−1E0(Z − δ)2 = 33[(Z − δ)/55]2 (keV) . (1)
Here, E0 = 0.0136 keV is the ionization potential of Hydrogen
atoms, g is the gravitational redshift on the neutron-star surface
which we take as g = 0.23 (assuming a mass of 1.4 M and
a radius of 12 km), and δ is a correction factor representing
the ionization state; δ = 0 for Hydrogen-like ions, and δ ∼ 1
for neutral ones. The Kα line energy is approximately 0.75EK.
From this scaling, the relevant elements are estimated to have
Z ∼ 50− 60.
If referring to the Solar abundances, the heavy elements
with such high Z would be extremely scarce, <∼ 2 × 10−10
by number relative to Hydrogen, or <∼ 5 × 10−6 relative to
Iron. However, as mentioned in section 1, elements up to
these atomic numbers can be synthesized via Type I bursts in-
volving the rp-process (Schatz et al. 2001). These heavy ele-
ments, produced somewhat below the neutron-star surface, may
be dredged up into the atmosphere, possibly via convection or
other processes. There, the heavy-element atoms are subject
to two ionization/excitation processes. One is bombardment
by protons and electrons in the corona, which are falling onto
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the atmosphere at a speed which is a fraction of the free-fall
velocity. The other is irradiation by the hard X-ray photons,
which are produced when the outgoing blackbody soft X-rays
are Compton-scattered back by the coronal electrons.
As a consequence of the above processes, the heavy-element
atoms in the atmosphere will attain a relatively high ionization
states, and produce two types of characteristic X-rays. One
is emission of K-line (particularly Kα) photons, which occurs
when a remaining K-shell electron is collisionally excited into
a higher bound energy level. The Gaussian modeling descried
in subsubsection 3.3.1 applies to this condition. The other is
production of a recombination quasi-continuum above EK. As
already touched on at subsubsection 3.3.2 in our redge model-
ing, this process mainly occurs when the heavy ions undergo
K-shell photo-ionization by the hard X-ray photons, followed
by recombination with ambient electrons. Such free electrons
would be abundant in the atmosphere, because Hydrogen and
Helium therein must be almost completely ionized through ir-
radiation by the blackbody photons with a sub-keV temperature
arising from the neutron-star surface. Below, we try to identify
the corresponding elements from the Gaussian and redge mod-
elings of the 30 keV feature.
4.3.2 Gaussian model
In figure 6, the solid line and the open squares show the Kα line
energies of heavy elements as a function of Z, calculated more
accurately than with equation 1 which is rather approximate,
and incorporating g=0.23 assuming that the feature arise on the
neutron star. Only the neutral and H-like conditions are shown,
because the other ionization states fall in between them. There,
the neutral Kα energies refer to the weighted average of those
for Kα1 and Kα2, as taken from the X-ray booklet (Thompson
et al. 2009). In the case of H-like ionization state, the Kα1 and
Kα2 energies were taken from the AtomDB data base (version
3.0.8), and the same relative intensity as the neutral atoms was
assumed. Because the AtomDB provides the data only up to Kr
(Z = 36), the data from Z = 2 to 36 were fitted by the equation
as
EK(Z) = a(Z − δ)c eV (2)
which is essentially the same as equation (1), but the parameters
a, δ, and c are left free. From the fit, we obtained a = 7.51±
0.03, δ=−0.033±0.005, and c= 2.015±0.001, in agreement
with equation (1). The results were then extrapolated to Z > 37.
When the mean value and its error of the Gaussian model-
ing, 32+2−3 keV (table 2), are considered to represent Kα emis-
sion line energies, the responsible elements are identified in fig-
ure 6 as Z = 59− 63, or Pr to Eu, regardless of the assumed
ionization states. According to the calculation by Schatz et al
(2001), the rp-process has an endpoint at Z = 52 (Te), where
further nucleosynthesis is prohibited by α-decay process. Then,
the suggested elements would not be interpreted as rp-process
products, making the Gaussian modeling somewhat unphysical.
However, recent nuclear experiments by Xing et al. (2018) suc-
cessfully refined the masses of 8440Zr and 8441Nb, and updated the
structure of the nuclei involved in the rp-process. As a result,
the synthesis could proceed beyond the Z = 52 endpoint. Thus,
the reality of the Gaussian interpretation must await future stud-
ies in theoretical and experimental nuclear physics.
4.3.3 redge model
In figure 6, the filled circles show the K-edge energies of H-
like ions as a function of Z, taken from the NIST web page.
Although the figure also shows the case of neutral atoms taken
from the X-ray booklet (Thompson et al. 2009), this is only for
reference, because K-shell ionization in a neutral atom would
lead predominantly to the Kα line emission rather than recom-
bination with a free electron.
From the K-edge energy and its error (27± 1 keV) obtained
with the redge modeling (table 2), and assuming the H-like con-
dition, figure 6 identifies the corresponding elements as Z = 48
and 49 (Cd and In). Since these are lower than the Z = 52
endpoint by Schatz et al. (2001), the identification is allowed
by the current understanding of the rp-process nucleosynthesis
in Type I bursts. Considering the limited energy resolution of
HXD-PIN, it is quite possible that the feature is attributable to
multiple elements near these atomic numbers, rather than a sin-
gle species. In addition, the derived free-electron temperature
of 11+10−5 keV (table 2) is reasonable as that in the atmosphere,
in the sense that it is in between those of the blackbody radiation
and the Comptonizing corona.
Although the redge interpretation is thus successful up to
this stage, we are still left with the following questions which
are mainly of quantitative nature.
1 Whether Type I bursts can produce the responsible elements
plenty enough to explain the observed feature.
2 How to sustain the synthesized heavy ions for a sufficiently
long time (e.g., days to weeks), against their radioactive de-
cays and dilution by the accreting Hydrogen-rich materials.
3 How to lift up the heavy elements up to higher zones of the
atmosphere, where the Compton optical depth is sufficiently
low as seen from us.
4 Whether the heavy ions can be kept in the highly ionized con-
dition which is required by the redge interpretation.
These issues are however beyond the scope of the present paper.
5 Conclusion
We analyzed three broad-band Suzaku spectra of Aql X-1, taken
during the decay phase of an outburst in 2007 September to
October. The source was in the hard state, with a 0.8–100.0
keV luminosity of∼ 2×1036 erg s−1. At about 30 keV of these
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spectra, we detected a statistically significant excess-like fea-
ture that cannot be explained by modifying the continuum mod-
els. It may be considered as a K-shell feature of some heavy
elements, synthesized on the neutron-star surface in thermonu-
clear flashes involving the rp-process. More specifically, the
feature can be expressed as a K-emission line at about 32 keV,
or a recombination edge feature at an edge energy of 26 keV;
the former implies elements with Z = 59− 63 (Pr–Eu), and the
latter Z = 48− 49 (Cd and In) assuming H-like ionization con-
dition. Although the former could be too high for the r-process
products, the latter is consistent with the currently accepted r-
process endpoints of Z = 52. To make this tentative interpre-
tation more convincing, we need quantitative evaluations from
several aspects.
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Fig. 2. Simultaneous fittings to the summed XIS, HXD-PIN, and HXD-GSO spectra, presented in the νFν form. (a) A fit with the canonical model. (b) A fit
with the modified canonical model. (c) When the double Comptonization model (the 1st condition described in text) is employed. (d) The same as (b), but with
the 2nd form of double Comptonization. (e) Results with the partial covering model. (f) The case of adding a Gaussian component. (g) When an redge factor
is multiplied to the canonical continuum model.
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Fig. 3. A comparison of the HXD (PIN and GSO) spectra with the 3σ NXB
uncertainty (blue). Black shows the total spectra from the three observations
summed up, and red are those after subtracting the NXB and CXB. The GSO
errors include (in quadrature) 1σ NXB uncertainty.
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Fig. 4. A comparison of two spectra (in νFν form) of Aql X-1 obtained by
Suzaku. Red shows the merged data in 2007. Black shows a spectrum taken
in 2011 October 18, from UT03:42:33 to 2011 from October 19 02:39:18, just
before the hard-to-soft transition which was reported by Ono et al. (2017).
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Fig. 5. Simultaneous fitting to the XIS 0, HXD-PIN, and HXD-GSO spectra in 2011 presented in figure 4. (a) A fit with the tbabs*{nthcomp(bbody) +
nthcomp(disk) + Gauss(1keV) + Gauss(6.6keV)} model. (b) The model is basically the same as (a) but a Gaussian model was added at 32 keV. See text
for details.
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Fig. 6. Energies of Kα lines and K-edges of the elements with the atomic number from 40 to 65, assuming their production on the neutron star surface and
different ionization states. The constraints from the Gaussian modeling is specified by a pair of horizontal dashed lines, and that from the redge modeling by a
pair of solid lines.
